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Rapid population growth and continuous economic development have resulted in a 
significant increase in the demand and accessibility of clean water energy resources. To 
solve these issues, osmotically driven processes including forward osmosis (FO) and 
pressure retarded osmosis (PRO) are hold some of the greatest potential in providing 
sustainable solutions for the global needs of both clean water and clean energy. Basically, 
both FO and PRO processes utilize feed solution (FS) with low salt concentration and 
draw solution (DS) with high salt concentration, which can drive the high osmotic 
pressure difference through the semi-permeable membrane to extract clean water and to 
produce clean energy. However, due to the poor membrane performances of 
commercially available membranes, properly designed high performance FO and PRO 
membranes need to be developed for viable applications.   
 
Polymeric membranes for FO and PRO processes can be fabricated through a variety of 
methods, which include phase inversion, electrospinning, and hollow fiber spinning. FO 
and PRO membranes are typically made of a thin film composite (TFC). TFC membranes 
have a porous membrane support layer which facilitates convenient water transport while 
a thin active layer (i.e. polyamide) is responsible for high salt rejection. Due to their 
higher water permeability and lower reverse solute permeability as compared to the 
commercial cellulose triacetate (CTA, Hydration Technology Innovations, Inc. USA), in 
this study, development of high performance TFC membranes have been subjected to 
modifying membrane support layers using various fabrication techniques and approaches 
including physical and chemical modifications.  
 
TFC-FO and -PRO membranes were newly designed and fabricated by incorporating 
hydrophilic graphene oxide (GO) nanomaterials into membrane support layer for 
improved membrane performance. In the case of TFC-FO membrane development, 
different amounts of GO nanosheets were incorporated in the polysulfone (PSf) to obtain 
PSf/GO composite flat-sheet membrane supports via a phase separation technique.  
Results reveal that at an optimal amount of GO addition, a PSf/GO composite support 
layer with favourable structural property measured in terms of thickness, porosity and 
pore size can be achieved due to the effect of hydrophilic GO. The optimum incorporation 
of GO in the PSf support layer not only significantly improved water permeability but 
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also allowed effective polyamide (PA) layer formation, by comparison to that of a pure 
PSf support layer which had much lower water permeability. Thus, a TFC-FO membrane 
with high water flux (19.77 LMH against 6.08 LMH for pure PSf) and reverse flux 
selectivity (5.75 Lg-1 against 3.36 Lg-1 for pure PSf) was obtained under the active layer 
facing the feed solution (AL-FS). Besides the improved structural properties (reduced 
structural parameter, S) of the support layer, enhanced support hydrophilicity also 
contributed to the improved water permeability of the membrane. Therefore, the GO 
modification of membrane supports for TFC-FO membranes showed a promising 
technique to improve the FO performance.  
 
With the similar concept and perspectives of the GO effect on FO membrane performance, 
TFC-PRO hollow fiber membranes were also fabricated with incorporating GO into the 
hollow fiber membrane supports via a hollow fiber spinning device. Polyethersulfone 
(PES) was selected as membrane material due to its good chemical resistance, high 
mechanical properties, and easy in membrane fabrication. The hollow fiber membrane, 
fabricated by incorporation with small amounts of GO into the PES support layer, 
revealed the improvement in membrane porosity, hydrophilicity and pure water 
permeability without compromising mechanical properties when compared to the pure 
PES support layer. Therefore, the TFC hollow fiber PES/GO membrane showed 
significantly high PRO flux while maintaining the low reverse salt flux (RSF) at higher 
hydraulic pressures, resulting in   high power density of 14.6 W m-2 at the highest applied 
pressure of 16.5 bar. Experimental results showed that optimum concentration of GO can 
be adapted as a filler of hollow fiber membranes for the TFC-PRO membrane for 
enhancing PRO performance without hampering its mechanical properties.   
 
Fabrication of electrospun nanofiber support membranes for TFC-FO membrane via the 
electrospinning technique have drawn attention in recent years due to their high porosity, 
interconnected pore structure, high strength to weight ratio, low tortuosity, and ease in 
controlling membrane thickness (deposition time by electrospinning). Therefore, a novel 
electrospun nanofiber support for a high performance TFC-FO membrane was fabricated 
via coaxial electrospinning. This method produces a dual layer core/sheath 
polyvinylidene fluoride (PVDF)/cellulose acetate (CA) composite nanofiber support, 
prior to interfacial polymerization (IP) to produce the selective PA layer. The electrospun 
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nanofiber support was expected to exhibit hydrophilicity at the sheath side due to CA, 
and mechanical stability at the core side due to PVDF, both of which properties are 
preferred for TFC-FO membranes. The physical and morphological properties of 
composite TFC-FO membranes were characterized and the membrane performance was 
evaluated during FO tests, and compared with single CA, single PVDF and blend 
(CA/PVDF) nanofiber membranes. The composite CA/PVDF support prepared via 
coaxial electrospinning showed marked significant improvement in hydrophilicity due to 
the presence of CA on the sheath side of nanofibers, while PVDF at the core side of 
nanofibers retained the mechanical strength comparable to the pure PVDF nanofiber 
support. In the FO test result using 0.5 M NaCl as a draw solution and DI water as a feed 
solution, the composite CA/PVDF TFC-FO membrane achieved high FO flux (31.2 LMH) 
and remarkably low specific reverse salt flux (SRSF, 0.03 g/L) with a low structural 
parameter (190 μm).  
 
In spite of many advantageous characteristics of nanofiber supports for an FO membrane, 
there is a membrane swelling issue with nanofiber support fabricated by hydrophilic 
polymers which weaken the mechanical properties since they are wetted in liquids. In 
addition, although it was found that the FO performance improved with composite 
CA/PVDF nanofiber substrate, overall mechanical properties of FO membrane supports 
which, when prepared by electrospinning, still seem to be one of the major obstacles for 
practical applications. To overcome these issues, mechanically stable hydrophobic PVDF 
nanofiber support was treated by heat press near the melting point (170°C) of PVDF and 
then hydrophilic polyvinyl alcohol (PVA) was utilized to improve the hydrophilicity as 
well as mechanical strength for TFC-FO membranes. The PVDF nanofiber support was 
modified with PVA via dip coating and acid-catalyzed crosslinking with glutaraldehyde 
(GA) prior to the formation of the PA active layer on the support via IP. The influence of 
PVA modification on the morphology and physical properties of PVDF support was 
evaluated through several characterization techniques while the flux performance was 
assessed using a lab-scale FO membrane unit. The fabricated PVA-modified TFC FO 
membranes exhibited high hydrophilicity, porosity, and mechanical strength, therefore 
resulting in excellent FO performance (24.8 LMH using 0.5 M NaCl and DI water as 
draw and feed solution, respectively). Dip coating of the nanofiber support in PVA is 
therefore a simple and effective method for the improvement of PVDF support with high 
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mechanical properties as well as hydrophilicity to fabricate high performance TFC FO 
membranes. 
In this study, high performance engineered osmosis membranes were successfully 
developed through the membrane substrate modifications either by GO incorporation or 
hydrophilic surface modifications. Membrane substrates incorporated with small loadings 
of GO (  0.25 wt%) exhibited significantly improved membrane performance for both 
FO and PRO applications via enhanced hydrophilicity and membrane porosity without 
deterioration of mechanical properties. For further improvement of FO flux, porous and 
a low tortuous electrospun nanofiber supports were used as FO membrane supports and 
additionally modified the nanofibers via coaxial electrospinning or hydrophilic PVA dip-
coating for having both hydrophilic and mechanically stable properties. Therefore, a 
hydrophilic modification of membrane substrates without consideration of type of 
substrates for engineered osmosis has high potential to improve the membrane 
performance.  
  
